Dengue viruses are members of the Flaviviridae, transmitted principally in a cycle involving humans and mosquito vectors. In the last 20 years the incidence of dengue fever epidemics has increased and hyperendemic transmission has been established over a geographically expanding area. A severe form, dengue hemorrhagic fever (DHF), is an immunopathologic disease occurring in persons who experience sequential dengue infections. The risk of sequential infections, and consequently the incidence ofDHF, has risen dramatically, rst in Asia and now in the Americas. At the root of the emergence of dengue as a major health problem are changes in human demography and behavior, leading to unchecked populations of and increased exposure to the principal domestic mosquito vector, Aedes aegypti. Virus-specified factors also influence the epidemiology of dengue. Speculations on future events in the epidemiology, evolution, and biological expression of dengue are presented.
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In the last 20 years, dengue fever and a severe form of the disease described for the first time in the mid-1950s-dengue hemorrhagic fever (DHF)/dengue shock syndrome (DSS)-have emerged as the most important arthropod-borne viral diseases ofhumans (1) (2) (3) . During this period the frequency of dengue fever epidemics has increased dramatically, hyperendemic transmission has been established over a geographically expanding range (Fig. 1) , and DHF has occurred in new areas and at higher incidence. It is estimated that up to 100 million cases of dengue fever occur annually on a worldwide basis. Approximately 250,000 cases of DHF are officially notified, and the true incidence is undoubtedly several-fold higher. Relatively few cases were recognized in the first 25 years after the initial description of this disease, while reports have risen steeply in recent years (Fig. 2) . The geographic expansion of epidemic dengue fever during the 1980s involved South, Central, and North America; Africa; China; and Australia, and is expected to continue in receptive regions infested by Aedes aegypti. Of greatest concern to the future health of the Western Hemisphere is the emergence of DHF in the Americas during the last 12 years. As illustrated below, the factors responsible for the worldwide increase in the incidence and distribution of dengue are closely linked to changes in human ecology and behavior.
Transmission Cycle, Disease, and Pathogenesis Dengue is caused by four antigenically distinct single-strand positive-polarity RNA viruses, designated dengue types 1-4, belonging to the family Flaviviridae (5) . Virus transmission in its simplest form involves the ingestion of viremic blood by mosquitoes and passage to a second susceptible human host.
An extrinsic incubation period of 8-10 days is required after feeding on a viremic human for viral replication and internal dissemination in the mosquito before virus appears in the saliva and transmission on refeeding can occur. As the blood meal stimulates oviposition by the female mosquito, which undergoes at least one, and often more, reproductive cycles during the extrinsic incubation period, there is an opportunity for virus to enter the egg and be passed to the next generation of mosquitoes.
In tropical Asia and West Africa, dengue viruses are also transmitted between nonhuman primates and tree-holebreeding mosquitoes (6) , but it is uncertain what relationship, if any, exists between the forest cycle and the circulation of virus between humans and A. aegypti. However, the existence of a completely silent zoonotic transmission cycle affords a potential mechanism for emergence of the disease in human populations and possibly also for selection of virus variants with altered host range and vector relationships. Virus strains representing the forest cycle have been subjected to molecular analysis and found to be distinct (see below), indicating that the forest cycle may be ecologically isolated. An important question for future research is whether the virus strains that circulate in the forest cycle are biologically distinct. Nonhuman primates challenged with strains of dengue virus isolated from humans generally develop abbreviated and significantly lower viremias than humans (7). These virus strains have not been evaluated for their capacity to induce viremic responses in their natural monkey hosts. It is possible that the apparent separation of forest and human transmission cycles reflects a reciprocal and exclusive adaptation to their hosts (or vectors).
The uncomplicated disease, classical dengue fever, is a biphasic illness beginning abruptly 3-8 days after the bite of an infected mosquito, characterized by fever, headache, severe malaise, lumbosacral aching, and generalized muscle, joint, or bone pain. Improvement after several days is followed by the reappearance of fever and development of a measles-like-rash, generalized lymphadenopathy, and, sometimes, minor hemorrhagic phenomena. There are no fatalities and the disease resolves in the second week, although patients may experience prolonged convalescence, with weakness and depression. Due to the self-limited nature of the infection, little is known about the pathogenesis of classical dengue fever. High titers of virus are present in the blood during the early phase, providing the means for mosquito infection. Dengue virus is predominantly a lymphotropic agent, and the principal target cells for virus replication appear to be mononuclear phagocytes, a fact that assumes greatest relevance in the pathogenesis of DHF/DSS (8) .
The onset and early phase of DHF/DSS is identical to that of dengue fever. However, shortly after onset, the patient Abbreviations: DHF, dengue hemorrhagic fever; DSS, dengue shock syndrome.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (10) . Although this process is key to the clearance ofinfected cells and recovery ofthe host from infection, the result ofthis interaction in a subset of patients may also have pathophysiological consequences due to release of cytokines with vasoactive or procoagulant properties (interleukins, tumor necrosis factor, platelet-activating factor, and urokinase), complement activation, and release ofinterferon y. The urbanization. Asian cities were characterized by poor sanitation, the necessity for domestic water storage, and crowded living conditions, creating conditions favoring breeding ofA. aegypti. Superimposed on these phenomena was the rapid rise in air travel, providing the means for movement of viremic human beings within the region and beyond. These factors led to the establishment of hyperendemic dengue infection in Southeast Asia, a pattern of annual outbreaks caused by all four dengue serotypes, and an increasing frequency of sequential infections of children (13) . It is in this setting that DHF/DSS emerged in 1954 in the Philippines. Over the next 20 years, outbreaks occurred that involved many parts of Asia and the Pacific, with a mean annual incidence of about 30,000 cases. In the 1970s and 1980s, the incidence of DHF rose dramatically, to over 250,000 cases per year (Fig. 2) . DHF is now the third or fourth leading cause of hospitalization of children in some areas (14) .
The emergence of dengue fever and DHF in the American region provides a paradigm for the changing features of dengue epidemiology. Prior to World War II infrequent epidemics occurred at intervals of up to 37 years, probably caused by introduction of a single serotype (12) . The opportunities for introduction of new viruses were limited. Outbreaks were rarely sustained for more than a few years because human populations were relatively low and isolated in island situations where immunologically susceptible hosts were rapidly exhausted. Postwar changes in dengue epidemiology in the American region occurred somewhat later than in Asia. During the 1960s, dengue virus types 2 and 3 became established in the region, and in 1977, dengue type 1 was introduced, rapidly spread, and became endemic. The pattern of intermittent epidemics at long intervals and transient circulation of one serotype changed to one of annual outbreaks in multiple locations and persistent cocirculation of multiple dengue serotypes. It was predictable that these events would eventually lead to the emergence of DHF in the Americas (2). In the 1970s, a few DHF cases were identified in Puerto Rico, where dengue was under intense study. The first true outbreak occurred in Cuba in 1981, with 116,000 hospitalized patients, 34,000 documented cases of DHF, and 158 deaths (15) . Similar events occurred in Venezuela in 1989-1990 (16) , with over 3000 cases of hemorrhagic fever, and in Rio de Janeiro in 1990. During the decade that followed the Cuban epidemic, 11 countries in the Americas have reported DHF (Fig. 3) .
Dengue in the Developed World
Every year 30-100 cases of dengue are reported in the United States in persons who have traveled to tropical countries.
Many such cases undoubtedly go unreported. A similar incidence has been recorded among Swedish tourists, and it probably occurs elsewhere in Europe as well. Unlike most of Europe, parts of the United States have a resident fauna of efficient vectors (A. aegypti and Aedes albopictus; see below), and there is a risk of secondary spread. On two occasions (1980 and 1986) small outbreaks followed the introduction of dengue from Mexico into southern Texas. The introduction and spread of dengue outbreaks in the southern United States remains a potential threat, particularly in cities along the Gulf of Mexico, where A. aegypti and A. albopictus are abundant and major pest problems. As would be expected from the requirement for sequential infections, DHF has been rare in travelers and does not currently pose a threat to the developed world.
Ecologic Basis for the Emergence of Dengue
Underlying the emergence of DHF in the Western Hemisphere are changes in human and mosquito ecologies that affect the rate and geographic range of virus transmission. The principal vector, A. aegypti, has made extraordinary evolutionary adjustments to coexist with human beings. This mosquito originated (and still exists) in Africa as a forest species feeding principally on rodents and other wild animals and adapted to lay eggs and undergo larval development in forest tree holes containing rainwater. However, a subspecies A. aegypti aegypti, evolved in Africa to become a highly domesticated animal, following humankind on its journeys and migrations to the corners of the globe, breeding in the artificial containers used for storing clean water, resting between blood meals in human habitations away from predators and harsh weather, flying rarely more than 50 yards from these convenient locations, and adopting wary biting habits around its observant and dexterous human prey. Interestingly, A. aegypti is not a very efficient vector of dengue viruses, and has both a low susceptibility to oral infection and low rate of transovarial infection (7) . Thus, virus titers in the blood of human hosts must exceed 105-107 virus particles per ml for infection and transmission to be sustained. The vector may thus serve as an important selection mechanism or biological filter for maintaining virus virulence at a high level, since only virus strains that replicate efficiently in humans and produce high viremias are transmissible by this mosquito.
The phenomena of unchecked human population growth in the tropics and the dramatic redistribution of the human population into urban centers in search of better amenities, employment, and education have greatly influenced the ep- ica (2) (Fig. 4) . In 1986, an explosive outbreak of dengue 1 involving over 1 million cases struck Rio de Janeiro. Subsequently, dengue epidemics have occurred in Paraguay, Bolivia, Peru, Ecuador, Colombia, and Venezuela. The sequential introduction of dengue type 1 Municipal landfills reject these objects, which are thus often dumped illegally in the environment, and no recycling has proven cost effective.
Molecular Epidemiology and Virus Variation
Little is presently known about the role of virus-specified factors in the transmission and pathogenesis of dengue. Considerable microevolution ofdengue virus strains has been found in studies employing monoclonal antibody analysis (23) , RNA fingerprinting (24) , or sequencing of selected regions of the genome (25 (27) . However, no outbreaks of human disease were recorded in the region around forests supporting this cycle, and the relevance of a forest transmission cycle to human health remains obscure. Indeed, the outbreak of dengue fever closest to Africa occurred in the Indian Ocean (Seychelle Islands) in 1977.
In 1982, however, dengue appeared along the coast of Kenya, and shortly thereafter in the Ivory Coast and Burkina Faso. These were typical A. aegypti-borne epidemics, characterized by classical dengue fever. In 1983-1984, the disease spread up the coast of East Africa to involve Sudan and Somalia, where it has remained endemic. These events posed a number of questions: Why did these outbreaks arise? Were they interconnected? Was there a relationship between the outbreaks and the indigenous forest transmission cycle? These questions were resolved by a comparison of strains using hybridization probes (28) and by an analysis of nucleotide sequences ofa 240-bp region at thejunction ofthe E and NS1 proteins (25) . Virus strains were available for study representing the forest cycle and the epidemics in Burkina Faso and the Seychelles. A close genetic relationship was found between the strains from West Africa representing the forest cycle, and these strains were quite distinct from those causing the epidemics. The virus strains from the Burkina Faso epidemic were similar to the strains responsible for the earlier outbreak in the Seychelles, and these in turn resembled virus isolates from Sri Lanka and Indonesia. Thus, it appeared that the epidemics arose by introduction of dengue 2 virus from afar and were not the result of spill-over from the forest transmission cycle. The molecular analysis confirmed the role of humans in the dissemination of dengue viruses. The virus was apparently introduced to the Seychelles in 1977 from Sri Lanka or another location to the East, and this was also the source of introduction into East and West Africa.
Molecular and Biological Evidence for Variation in Dengue Virulence. In the Americas, dengue type 2 has been responsible for repeated outbreaks of classical dengue fever as well as for the explosive appearance of DHF in Cuba, Venezuela, and Brazil. This paradox could be explained solely on the basis of the epidemiological events leading to the establishment ofhyperendemic transmission ofmultiple serotypes and an increased incidence of sequential infections. However, circumstantial evidence from molecular analysis suggests that the dengue 2 strain responsible for the occurrence of severe disease may represent a variant with increased virulence for humans.
A comparison of the gene sequences of dengue type 2 viruses from the Caribbean region indicated that two distinct variants were cocirculating over a period of many years (25) . One genetic variant represented the Puerto Rican strain, which had been introduced into the region in 1969 and had persisted in an endemic-epidemic pattern, associated with classical dengue fever. A second variant represented a strain first isolated in Jamaica in 1981. The Jamaican genotype was responsible for the DHF epidemics in Venezuela (1989) and Brazil (1990) . Since Jamaica and Cuba are geographically juxtaposed, it is probable that this variant caused the 1981 Cuban DHF outbreak (virus strains isolated in Cuba have never been available for comparative study). Sequence homology between the Jamaican variant and virus strains from Vietnam suggested the original source of introduction-a plausible conclusion, since Cuba and North Vietnam had political ties at the time of the outbreak. In contrast, the Puerto Rican genotype resembled contemporary virus strains from Polynesia, where for the most part disease was mild.
Although these results imply that dengue virus strains vary in virulence and that this variation may play a role in the incidence and distribution of DHF, the molecular basis for virulence cannot be tested directly, due to the lack of an animal model of DHF. A preliminary analysis (29) demonstrating variation in the ability of dengue virus strains to replicate in human peripheral blood monocytes and higher replication of isolates from DHF patients than from dengue fever patients requires further evaluation and confirmation in prospective studies.
Flavivirus and Dengue Evolution: A Biological Perspective and Some Speculations on Future Changes in Dengue Epidemiology
The 68 recognized flaviviruses are classified into serological complexes, and these in turn correspond closely to their mode of transmission. Nearly half, including the dengue viruses, are mosquito-borne, 28% are transmitted by ticks, and 20% are apparently zoonotic infections transmitted by contact between rodents and bats (30) . From an evolutionary standpoint, it is of interest that the viruses belonging to the tick-borne encephalitis complex seem to have developed the capacity to infect epithelial surfaces, since members of this group are shed in milk of infected domestic livestock and can spread to humans by this means as well as by aerosols in the laboratory. This capacity for epithelial infection is apparently more highly developed in the bat-and rodent-associated agents which have no known arthropod vectors, probably representing an adaptation to transmission between hosts that are relatively abundant under circumstances of low vector density. Evolution of the flaviviruses appears to be in the direction of loss of dependence on arthropod vectors, with the most evolved forms represented by hepatitis C and simian hemorrhagic fever viruses.
The mosquito-borne flaviviruses, exemplified by St. Louis encephalitis, Japanese encephalitis, and Murray Valley encephalitis viruses, are presumed to be relatively primitive forms on the basis of their varied vector and host associations and marked radiation of closely related antigenic types. A biological common denominator of these agents is their marked neurotropism. Dengue and yellow fever viruses are distinct antigenically but share links with the more primitive mosquito-borne encephalitis viruses, as illustrated by the Cofloquium Paper: Monath Proc. Nat!. Acad. Sci. USA 91 (1994) high nucleotide sequence homology between dengue type 2 virus and Edge Hill virus (31) . However, dengue and yellow fever viruses have evolved an important biological feature that clearly separates them from their more primitive neurotropic predecessors, namely lymphotropism, and they have subverted the primate monocyte/macrophage as principal target cell for replication (32) . One result of this adaptation has been a marked restriction of host range to the primates and a parallel restriction in the virus-vector relationship to a few species of Aedes spp. with predilection for feeding on primate blood.
The lymphotropism ofdengue viruses is consistent with the production and release of large quantities of virus into the blood stream, a feature that is essential to transmission ofthe virus by the relatively insusceptible A. aegypti vector. It is important to note that the change in tropism from nervous tissue to lymphoid cells is critical to survival ofboth virus and host species, since viremias of the magnitude achieved in dengue would produce a very high risk of hematogenous spread of a neurovirulent/neuroinvasive agent to the central nervous system. Loss of neurovirulence in favor of lymphotropism is thus permissive for transmission without affecting host survival.
The remarkable ability of dengue viruses to replicate to high titers in human tissues raises the possibility that, should a variant emerge with altered tropism-e.g., for epithelial tissues permitting shedding in respiratory secretions, or conversely for nervous tissues, permitting neuroinvasionthe result could fundamentally change the route of transmission or the expression of disease in the host. While this may appear to be a remote possibility, we should remember that other flaviviruses, including the bat-and rodent-associated flaviviruses and simian hemorrhagic fever virus, have evolved in these directions. It is thus not inconceivable in the context of flavivirus evolution that dengue could undergo genetic changes that would transform it into a more dangerous pathogen transmissible by the respiratory route or capable of causing encephalitis.
In general, however, dengue and other flaviviruses [e.g., yellow fever virus (33) and St. Louis encephalitis virus (34) ] display a rather remarkable genietic stability, given their RNA genomes and high rates of mutation. A comparison of the genetic variability of dengue type 2 strains with that of influenza viruses, based on a comparison of nucleotide and amino acid sequence divergence, shows that dengue variation is low, similar to that of influenza C, a virus that has a single (human) host and is not subjected to the marked genetic shifts typical of influenza A virus, which undergoes recombinational events in alternative hosts and has a higher proportion of mutations that result in amino acid changes. Dengue virus strains belonging to the same serotype vary by no more than 10% at the nucleotide level and 4% at the amino acid level. The constraints on dengue virus evolution probably reflect the need to preserve critical determinants involved in virus-cell interactions across two very diverse phyla (Arthropoda and Chordata). Nevertheless, it is clear that four dengue serotypes have evolved and that the accumulation of mutations is a continuing and directional process (24, 25) . The emergence of a new serotype. of dengue virus differing at one or more critical neutralization epitopes will thus undoubtedly occur at some time in the future. Dual infections of humans and vectors with different dengue serotypes may be an increasingly frequent event (35) , raising the possibility that intramolecular recombination in addition to mutational change could be a mechanism for the emergence of new types. The appearance of a fifth dengue serotype would fundamentally alter the epidemiology of dengue and DHF.
Prevention and Control
The ability to control dengue by reduction of the vectors responsible for transmission seems increasingly remote. Efforts to develop effective live, attenuated, and genetically engineered vaccines are under way, and the impetus to move candidate vaccines into large-scale human trials will increase as DHF emerges as a major health problem in the Western Hemisphere. The immunopathogenesis of DHF demands that durable protective immunity to all four serotypes be elicited simultaneously, posing a formidable challenge to vaccine development.
